Abstract. In recent decades, numerous long non-coding (lnc) RNAs, including growth arrest-specific transcript 5 (GAS5), have been demonstrated to exert promoting or suppressive effects in human cancers. Decreased expression of the lncRNA GAS5 was reported to promote cell proliferation, migration and invasion and indicate poor prognosis in ovarian cancer. However, the exact underlying molecular mechanism through which GAS5 is involved in ovarian cancer growth remains unknown. The present study aimed to investigate the regulatory mechanism of GAS5 in ovarian cancer cell proliferation. Quantitative polymerase chain reaction and western blot analysis were used to examine RNA and protein expression, respectively. An MTT assay was used to examine cell proliferation. A luciferase reporter gene assay was conducted to verify the targeting relationship. It was identified that the expression levels of GAS5 and Sprouty homolog 2 (SPRY2) were significantly downregulated, while the expression level of microRNA (miR)-21 was significantly upregulated in ovarian cancer tissues and cell lines compared with adjacent non-tumor tissues and normal ovarian epithelial cells, respectively. Downregulation of GAS5 was significantly associated with advanced clinical stage. Luciferase assay data indicated that miR-21 was a direct target of GAS5 and that SPRY2 was a target gene of miR-21 in ovarian cancer-derived A2780 cells. GAS5 overexpression significantly inhibited the proliferation of ovarian cancer cells, which was accompanied by the downregulation of miR-21 and the upregulation of SPRY2. The overexpression of miR-21 caused a significant decrease in A2780 cell proliferation, which was accompanied by reduced SPRY2 expression. Furthermore, miR-21 overexpression attenuated the suppressive effects of GAS5 on A2780 cell proliferation and rescued the promoting effects of GAS5 on SPRY2 expression. In addition, the knockdown of SPRY2 also rescued the suppressive effects of GAS5 on the proliferation of A2780 cells. In summary, our study demonstrates that GAS5 exerts a suppressive effect on the proliferation of ovarian cancer cells, at least in part via the inhibition of miR-21 expression and subsequent increased SPRY2 expression. These findings suggest that the GAS5/miR-21/SPRY2 signaling pathway may be a potential therapeutic target in ovarian cancer.
Introduction
Ovarian cancer is one of the most common female malignant tumor types, which has a high mortality rate and a 5 year survival rate of <50% (1-3). The poor prognosis of patients with ovarian cancer is largely attributed to the intrinsic molecular changes that occur, and certain oncogenes and tumor suppressors have been determined to serve key functions in ovarian cancer growth (4, 5) . Therefore, a better understanding of the molecular mechanism that underlies ovarian cancer development and progression is urgently required for the development of novel therapeutic strategies.
The human genome encodes a large number of non-coding RNAs, including microRNAs (miRs) and long non-coding RNAs (lncRNAs) (6) (7) (8) (9) (10) . miRs directly bind to the 3'-untranslated region (3'-UTR) of their target mRNAs, which leads to translation repression or mRNA degradation (4, 11, 12) . In addition to targeting numerous protein-coding genes, miRs can also target lncRNAs (13) .
The lncRNA growth arrest-specific transcript 5 (GAS5), which is located at 1q25 and contains ~630 nucleotides (6) , has been reported to serve a tumor suppressive function in several common cancer types, including liver (13) , breast (14) , lung (15) , renal (16) and colorectal cancer (17) . In ovarian cancer, the downregulation of GAS5 promotes tumor cell proliferation, migration and invasion and indicates poor patient prognosis (18) . Furthermore, Gao et al (19) reported that GAS5 could induce ovarian cancer cell apoptosis via the disruption of mitochondrial membrane potential and the promotion of pro-apoptotic protein expression, including Bcl-2-associated X, Bcl-2 homologous antagonist killer, cleaved-caspase 3 and cleaved-caspase 9. However, to the best of our knowledge, the underlying molecular mechanism through which GAS5 participates in ovarian cancer growth has not been previously studied.
miR-21 has been demonstrated to be upregulated in numerous cancer types, including ovarian cancer, and has been demonstrated to act as an oncogene (20) (21) (22) . Targeting miR-21-3p could inhibit the proliferation and invasiveness of ovarian cancer cells (20) . Recently, the targeting relationship between miR-21 and GAS5 has been reported in multiple common cancer types, including liver (13), lung (15) , cervical (23) and breast cancer (14) . However, to the best of our knowledge, the underlying mechanism by which GAS5 regulates miR-21 expression in ovarian cancer has not been previously reported. In addition, Sprouty homolog 2 (SPRY2), a member of the Sprouty family, has been demonstrated to serve a suppressive function in ovarian cancer. Patients with ovarian cancer whose tumors express SPRY2 at low levels have a significantly poorer prognosis compared with those who have tumors with high SPRY2 expression (24) . However, the regulatory mechanism underlying SPRY2 expression in ovarian cancer remains unclear.
The aim of the current study was to investigate the underlying mechanism by which GAS5 regulates ovarian cancer cell proliferation, and the involvement of miR-21 and SPRY2 in this process.
Materials and methods
Clinical samples. Ovarian cancer tissues as well as adjacent normal tissues were collected from 53 patients with ovarian cancer at The First Affiliated Hospital of Xinxiang Medical University (Weihui, China) between June 2013 and April 2016. These 53 female patients were between 37 and 69 years old, with a mean age of 58.3 years old. These patients were assessed using FIGO staging (25) . The clinical characteristics of these patients are summarized in Table I . None of the patients received radiation therapy or chemotherapy prior to surgical resection. Inclusion criteria were as follows: i) Primary surgical patient, ii) complete records regarding pre-operative chemotherapy and past medical history. Exclusion criteria were as follows: i) Non-primary surgical patient, ii) missing or incomplete records regarding pre-operative chemotherapy or past medical history, iii) previous history of any malignancy. Following resection, tissues were immediately stored in liquid nitrogen until use. The present study was approved by the Ethics Committee of The First Affiliated Hospital of Xinxiang Medical University (Weihui, China). Written informed consent was obtained from all patients.
Cell culture and transfection. Human ovarian cancer cell lines, OVCAR-3, SKOV3, 3AO, ES-2, HO-8910, A2780 and COC1, as well as the normal human ovarian epithelial cell line HOSEpiC, were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). All cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Inc.) at 37˚C with 5% CO 2 and were passaged every other day using 0.25% trypsin (Thermo Fisher Scientific, Inc. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted from tissues and cell lines using TRIzol reagent (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. A total of 1 µg RNA was converted into cDNA using a SuperScript ® One-Step RT-PCR kit (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. qPCR was performed to examine the expression levels of GAS5, miR-21 and SPRY2 mRNA using the Applied Biosystems™ PowerUp™ SYBR Green Master Mix kit (Thermo Fisher Scientific, Inc.) in an ABI 7500 fluorescence qPCR machine (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. U6 was used as the internal reference for GAS5 and miR-21, while GAPDH was used as the internal reference for SPRY2. The PCR reaction conditions were as follows: 95˚C for 3 min, followed by 40 cycles at 95˚C for 15 sec and 60˚C for 30 sec. The relative expression levels were analyzed using the 2 -ΔΔCq method (26) . The primer sequences used are shown in Table II. MTT assay. An MTT assay was performed to assess cell proliferation. A2780 cells (5,000 cells per well) were seeded in 96-well plates, and 100 µl DMEM containing 0.5 g/l MTT (Thermo Fisher Scientific, Inc.) was added into each well. Following incubation at 37˚C for 12, 24, 48 or 72 h, the medium was removed and 50 µl dimethyl sulfoxide (Thermo Fisher Scientific, Inc.) was added into each well. The cells were then incubated at 37˚C for 10 min. Cell proliferation was measured at a wavelength of 570 nm using the Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific, Inc.).
Bioinformatics analysis. Bioinformatics analysis was performed to explore the targeting relationship among GAS5, miR-21 and SPRY2 using the miRecords resource and PicTar algorithms (c1.accurascience.com/miRecords/).
Luciferase reporter gene assay. Firefly luciferase reporter plasmids containing either wild-type (WT) miR-21 with GAS5 binding sequences, mutant-type (MT) miR-21 with no GAS5 binding sequences, WT SPRY2 3'-UTR with miR-21 binding sequences or MT SPRY2 3'-UTR without miR-21 binding sequences were purchased from Shanghai Genechem Co., Ltd. (Shanghai, China). To study the targeting relationship between GAS5 and miR-21, A2780 cells were co-transfected with a GAS5 plasmid or its control vector, and a WT or MT miR-21 luciferase reporter plasmid using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. To clarify the targeting relationship between miR-21 and SPRY2, A2780 cells were co-transfected with miR-21 mimic or miR-NC, and a WT or MT SPRY2 3'-UTR luciferase reporter plasmid using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Following transfection for 48 h, luciferase activity was determined using the Dual-Luciferase Reporter Assay system (Promega Corporation, Madison, WI, USA). The firefly luciferase activities were normalized to Renilla luciferase activity.
Western blot analysis. A2780 cells were lysed in cold radioimmunoprecipitation assay buffer (Thermo Fisher Scientific, Inc.). Then, the protein concentration was determined using the BCA Protein Assay kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Protein (50 µg/well) was separated using 12% SDS-PAGE and was then transferred to a polyvinylidene fluoride (PVDF) membrane (Thermo Fisher Scientific, Inc.). The PVDF membrane was blocked in 5% non-fat dried milk in phosphate-buffered saline (PBS; Thermo Fisher Scientific, Inc.) at 4˚C overnight. Following washing in PBS with Tween-20 (PBST) for 10 min at room temperature, the PVDF membrane was incubated with a rabbit anti-human SPRY2 antibody (1:50; cat. no. ab50317; Abcam, Cambridge, MA, USA) or a rabbit anti-human GAPDH antibody (1:50; cat. no. ab9485; Abcam) for 3 h at room temperature. Following washing in PBST for 10 min at room temperature, the PVDF membrane was incubated with a horseradish peroxidase conjugated goat anti-rabbit secondary antibody (1:5,000; cat. no. ab6721, Abcam) for 1 h at room temperature. Following another wash in PBST for 10 min at room temperature, the immune complex on the PVDF membrane was detected using the Enhanced Chemiluminescence Western Blotting kit (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Protein expression was determined using Image-Pro Plus software 6.0 (Media Cybernetics, Inc., Rockville, MD, USA), and GAPDH was used as the internal reference.
Statistical analysis. Data are presented as the mean ± standard deviation. SPSS 19.0 software (IBM Corp., Armonk, NY, USA) was used for statistical analysis. Data were analyzed using Student's t-test for two-group comparisons or ANOVA for comparisons of multiple groups followed by Turkey's post hoc test. A chi-square test was used to evaluate associations between GAS5 expression and clinicopathological characteristics. P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of GAS5, miR-21 and SPRY2 in ovarian cancer.
The expression of GAS5, miR-21 and SPRY2 was examined in ovarian cancer tissues and cell lines. As shown in Fig. 1A and B, the expression of GAS5 and SPRY2 was significantly downregulated in ovarian cancer tissues compared with adjacent non-tumor tissues. Similar findings were also obtained in ovarian cancer cell lines except for OVCAR-3, when compared with normal ovarian epithelial cells (Fig. 1C and D) . In addition, downregulation of GAS5 was significantly associated with advanced clinical stage in patients with ovarian cancer ( Table I) . By contrast, the expression of miR-21 was significantly higher in ovarian cancer tissues and cell lines compared with adjacent non-tumor tissues and normal ovarian epithelial cells, respectively ( Fig. 1E and F) . In summary, these findings demonstrate that GAS5 and SPRY2 are downregulated, while miR-21 is upregulated, in ovarian cancer. As A2780 cells showed the lowest levels of GAS5, they were selected for use in subsequent experiments.
miR-21 is a target of GAS5 and SPRY2 is a target gene of miR-21 in A2780 cells.
Bioinformatics analysis was performed to explore the targeting relationship among GAS5, miR-21 and SPRY2 using the miRecords resource and PicTar algorithms (c1.accurascience.com/miRecords/). The data indicated that miR-21 contained GAS5 binding sites and SPRY2 3'-UTR contained miR-21 binding sites ( Fig. 2A and B) . Therefore, miR-21 may be a target of GAS5, and SPRY2 may be a target gene of miR-21 in ovarian cancer cells. To clarify these predictions, a luciferase reporter assay was performed. The results indicated that ovarian cancer cells that were co-transfected with a GAS5 expression plasmid and a WT miR-21 reporter plasmid exhibited significantly reduced luciferase activity compared with the control group, but cells that were co-transfected with a GAS5 expression plasmid and an MT miR-21 reporter plasmid exhibited no effect on reporter luciferase activity (Fig. 2C) . Therefore, miR-21 was demonstrated to be a target of GAS5 in ovarian cancer cells. Similarly, ovarian cancer cells that were co-transfected with an miR-21 mimic and a WT SPRY2 3'-UTR reporter plasmid exhibited a significant decrease in luciferase activity compared with the control group, but cells that were co-transfected with an miR-21 mimic and an MT SPRY2 reporter plasmid demonstrated no difference with respect to luciferase activity (Fig. 2D) . Thus, SPRY2 was identified to be a target gene of miR-21 in ovarian cancer A2780 cells.
Overexpression of GAS5 inhibits A2780 cell proliferation and affects the expression of miR-21 and SPRY2.
Based on the finding that GAS5 was significantly downregulated in ovarian cancer, A2780 cells were transfected with a GAS5 plasmid. Following transfection, the expression of GAS5 was significantly increased in the GAS5 group compared with the control group (Fig. 3A) . The results from the MTT assay further indicated that, compared with the control group, GAS5 overexpression significantly decreased A2780 cell proliferation at 72 h (Fig. 3B) . Furthermore, the effects of GAS5 on the expression of miR-21 and SPRY2 were studied. The data indicated that overexpression of GAS5 resulted in a significant decrease in miR-21 expression and a significant increase in SPRY2 expression in A2780 cells (Fig. 3C and D) . Therefore, GAS5 could inhibit ovarian cancer cell proliferation and affect the expression of miR-21 and SPRY2.
Overexpression of miR-21 reduces SPRY2 expression and rescues GAS5-mediated A2780 cell proliferation.
The effects of miR-21 downregulation on ovarian cancer cell proliferation and SPRY2 expression were studied. Since the expression of miR-21 was significantly upregulated in ovarian cancer tissues and cell lines, A2780 cells were transfected with an miR-21 inhibitor to knock down its expression. qPCR data indicated that miR-21 levels were significantly reduced in the anti-miR-21 group compared with the control group, but transfection with an NC inhibitor did not affect miR-21 levels (Fig. 4A) . Furthermore, it was identified that the knockdown of miR-21 significantly inhibited A2780 cell proliferation at 72 h, which was accompanied by significantly increased expression of SPRY2 (Fig. 4B and C) .
To further confirm that miR-21 acts as the downstream effector of GAS5, A2780 cells were co-transfected with a GAS5 expression plasmid and a miR-21 mimic. Following transfection, the expression of miR-21 was significantly higher in the GAS5+miR-21 group compared with the GAS5+miR-NC group (Fig. 4D) . Further investigation revealed that the proliferation of A2780 cells was significantly increased in the GAS5+miR-21 group at 72 h compared with the GAS5+miR-NC group, which suggests that miR-21 overexpression attenuated the suppressive effects of GAS5 on A2780 cell proliferation (Fig. 4E) . In addition, the overexpression of miR-21 also attenuated the promoting effects of GAS5 on the expression of SPRY2 in A2780 cells (Fig. 4F) .
Knockdown of SPRY2 rescues the inhibitory effects of GAS5
on A2780 cell proliferation. Finally, it was investigated whether SPRY2 was involved in GAS5-mediated ovarian cancer cell proliferation. A2780 cells were co-transfected with a GAS5 plasmid and SPRY2 siRNA. Following transfection, the mRNA and protein levels of SPRY2 were significantly downregulated in the GAS5+siSPRY2 group compared with the GAS5+siNC group (Fig. 5A and B) . The results from the MTT assay indicated that the proliferation of A2780 cells was significantly increased in the GAS5+siSPRY2 group compared with the GAS5+siNC group at 72 h (Fig. 5C ). These findings demonstrate that inhibition of SPRY2 rescues, at least partially, the suppressive effects of GAS5 overexpression on ovarian cancer cell proliferation.
Discussion
To the best of our knowledge, the underlying molecular mechanism through which lncRNA GAS5 regulates ovarian cancer growth has not been previously studied. In the present study, it was reported that GAS5 and SPRY2 were downregulated and that miR-21 was upregulated in ovarian cancer. Downregulation of GAS5 was significantly associated with advanced clinical stage of patients with ovarian cancer. miR-21 was identified to be a target gene of GAS5 and SPRY2 was identified to be a target gene of miR-21 in ovarian cancer A2780 cells. GAS5 overexpression significantly inhibited the proliferation of ovarian cancer cells, which was accompanied by the downregulation of miR-21 and the upregulation of SPRY2. Overexpression of miR-21 resulted in a significant decrease in A2780 cell proliferation, which was accompanied by reduced SPRY2 expression. Furthermore, miR-21 overexpression attenuated the suppressive effects of GAS5 on A2780 cell proliferation and rescued the promoting effects of GAS5 on SPRY2 expression. Furthermore, the knockdown of SPRY2 also rescued the suppressive effects of GAS5 on the proliferation of A2780 cells.
Recently, the association between GAS5 and miR-21 has been reported in multiple physiological and pathological processes (13) (14) (15) . For instance, GAS5 inhibits cardiac fibroblast activation and fibrosis by targeting miR-21 through the phosphatase and tensin homolog (PTEN)/matrix metalloproteinase-2 signaling pathway (27) . Furthermore, GAS5 contributes to the pathogenesis of osteoarthritis via the inhibition of miR-21 expression (28) . Additionally, the tumor suppressive role of GAS5 has been reported in numerous cancer types (13) . For instance, GAS5 suppresses cancer cell proliferation by acting as a molecular sponge for miR-21 and directly interacting with miR-21, which reverses the repression of PTEN, the endogenous target of miR-21 (14) . Hu et al (13) reported that GAS5 suppresses the migration and invasion of hepatocellular carcinoma cells via the inhibition of miR-21. In addition, GAS5 and miR-21 are also involved in chemoresistance (15) . Cao et al (15) demonstrated that inhibition of GAS5 reduces the chemosensitivity of non-small cell lung cancer cells to cisplatin through the upregulation of miR-21 and thus the downregulation of PTEN. In the present study, for the first time, the targeting relationship between miR-21 and GAS5 in ovarian cancer was reported. The present data indicated that GAS5 was significantly downregulated, while miR-21 was significantly upregulated, in ovarian cancer tissues. Luciferase Figure 4 . Effects of miR-21 inhibition and overexpression. A2780 cells were transfected with miR-21 inhibitor or NC inhibitor. Non-transfected cells were used as the control group. Following transfection, (A) qPCR was used to examine miR-21 levels, (B) an MTT assay was used to determine cell proliferation and (C) western blot analysis was used to examine the protein levels of SPRY2. ** P<0.01 vs. Control. Then, A2780 cells were co-transfected with GAS5 expression plasmid and miR-21 mimic or scramble miR (miR-NC). Following transfection, (D) qPCR was used to examine miR-21 levels, (E) an MTT assay was used to determine cell proliferation and (F) western blot analysis was used to examine the protein levels of SPRY2. ** P<0.01 vs. GAS5+miR-NC. GAS5, growth arrest-specific transcript 5; SPRY2, Sprouty homolog 2; qPCR, quantitative polymerase chain reaction; NC, negative control; miR, microRNA; anti-miR-21, miR-21 inhibitor.
reporter gene assay data confirmed that miR-21 was a direct target of GAS5 in A2780 cells and that the overexpression of GAS5 significantly reduced ovarian cancer cell proliferation by directly targeting miR-21.
Furthermore, it was identified in the current study that SPRY2 was also downregulated in ovarian cancer tissues, and luciferase reporter gene assay data confirmed that SPRY2 was a target gene of miR-21 in A2780 cells. SPRY2 is a member of the Sprouty family and inhibits the activity of receptor tyrosine kinase signaling; this protein is also required for its growth factor-stimulated translocation to membrane ruffles (29, 30) . It has been widely demonstrated that SPRY2 acts as a tumor suppressor in some common human cancer types (31) (32) (33) . For instance, SPRY2 is downregulated in renal cell carcinoma, and its low expression is associated with poor prognosis (34) . Furthermore, SPRY2 may suppress the proliferation and invasiveness of renal cell carcinoma cells (34) . Recently, Masoumi-Moghaddam et al (24) reported that SPRY2 is significantly downregulated in ovarian cancer, which is consistent with the present findings, and that patients whose tumors express SPRY2 at low levels have a significantly poorer prognosis compared with those who have tumors with high SPRY2 expression. In the present study, it was identified that SPRY2 is a direct target gene of miR-21 in A2780 cells. A targeting relationship between miR-21 and SPRY2 has also been identified in other cancer types (35, 36) . For instance, Kwak et al (35) reported that the downregulation of SPRY2 by miR-21 triggers malignancy in human gliomas. Huo et al (37) reported that disruption of pre-miR-21 sequences inhibits the proliferation, migration and invasiveness of ovarian cancer cells, which is accompanied by increased expression of SPRY2. In the present study, it was identified that GAS5 overexpression reduced miR-21 expression and increased the expression of its target gene, SPRY2. It was also demonstrated that the knockdown of SPRY2 expression rescued the inhibitory effects of GAS5 on A2780 cell proliferation. These findings suggest that SPRY2 is a downstream effector of GAS5/miR-21 signaling in A2780 cells.
To the best of our knowledge, this is the first study to report that GAS5 exerts inhibitory effects on ovarian cancer cell proliferation, at least in part through the downregulation of miR-21 expression and therefore the upregulation of SPRY2 expression. These findings suggest that the GAS5/miR-21/SPRY2 signaling pathway may be a potential therapeutic target in ovarian cancer. P<0.01 vs. GAS5+siNC. siRNA, small interfering RNA; siNC, negative control siRNA; siSPRY2, SPRY2 siRNA; GAS5, growth arrest-specific transcript 5; SPRY2, Sprouty homolog 2.
